This paper proposes measures to improve the protection of MV distribution networks operating with feeders in a closed-loop arrangement. Bi-directional overcurrent relays (OCRs) are discussed, the selectivity of which is achieved through the timing coordination of their operation. The classic approach is formulated as a minimization of the operating times of all the OCRs. The proposed approach enhances the selectivity by considering the maximum operating time of substation OCRs and the unwanted trips of in-loop OCRs. Moreover, the sensitivity is also increased by introducing an objective function that minimizes the pickup-current settings of all the OCRs together with their operating times. Furthermore, to fulfill the demanding requirements for operating times, variable penalties are introduced. Thus, the optimization procedure is forced towards the region with viable solutions for the optimization problem. Two variants of self-adaptive differential evolution have been used that both show better convergence when compared to the classic differential evolution. Moreover, ten mutation strategies were tested, where ''rand/1/bin'' showed the best results. A comparison with other methods for timing coordination shows that the proposed optimization results in a comparable value for the OCRs' operating times. In order to further reduce the operating times, GOOSE communications between the OCRs are adopted. The proposed measures for improved protection operation are fully confirmed through dynamic simulations of the faults in the discussed 20-kV network. Moreover, the proposed protection design is already implemented and permanently operates in a 20-kV network with more than 5000 customers, whereas the field results show selective and reliable protection operation.
I. INTRODUCTION
One of the priorities of modern distribution networks is improved power-supply reliability. This is normally evaluated by the system indices SAIFI (System Average Interruption Frequency Index) and SAIDI (System Average Interruption Duration Index). A well-known solution for the improvement of system indices is fault location, isolation, and selfrestoration procedures [1] . Feeders in radial or closed-loop arrangements, equipped with properly placed and adjusted protection Relays with Switching Capability (RSCs),
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represent another approach to improving the supply reliability. However, the key challenge in the realization of such a network operation is a proper protection system design, where all the modern solutions, such as the exchange of GOOSE (Generic Object Oriented Substation Event) messages among the relays, are applied in order to reach the goal of improved supply reliability.
The basic performance requirements for a protection relay, or a relaying system, are reliability, sensitivity, selectivity and fault-clearing time [2] , [3] . The selectivity of overcurrent relays (OCRs) is achieved by the timing coordination of their operation. This can be performed using different optimization approaches [4] - [17] . In [4] an interval linear programming problem was formulated, considering changes in the network topologies. A seeker algorithm was proposed in [5] to solve a mixed-integer nonlinear programming (MINLP) problem. The complexity of the non-linear programing problem was reduced in [6] through reformulation as an equivalent, quadratically constrained, quadratic programming (QCQP) model. In [7] a local-fit method was proposed by defining reference marks based on the OCR's characteristics. Furthermore, several metaheuristic algorithms were applied, like enhanced differential evolution [8] , a combination of the differential evolution and linear programming problem [9] , a genetic algorithm [10] , a combination of the genetic algorithm and the linear programming problem [11] , or a combination of a specialized genetic algorithm and an efficient heuristic algorithm [12] . Moreover, a symbiotic organism search algorithm [13] , teaching learningbased optimization [14] , particle-swarm optimization [15] , ant-colony optimization [16] , and whale optimization algorithm [17] were also applied. Lately, distributed generation (DG) was also considered within the timing coordination of the OCR's operation [18] - [21] .
The timing coordination inherently introduces a time delay to the OCRs' operation, which can be improved using a peer-to-peer communication by applying GOOSE messages [22] , [23] . Typically, the GOOSE-based communication is used in substation-area protection [24] , [25] ; however, inter-substation communication was already applied, e.g., for accelerated distance-protection operation [26] . When using a proper communication network, GOOSE messages can also be sent between all the OCRs in a MV distribution network. The required reliability and security of GOOSE messages can be achieved using recovery protocols [27] as well as digital signature algorithms [28] .
The organization of the paper is as follows. In Section II, the background to the parametrization of bi-directional OCRs is presented. Section III proposes measures for the improved operation of bi-directional OCRs. The sensitivity is increased by minimizing the pickup-current settings, together with the operating times, which is an original contribution of this paper. Furthermore, a simple approach is proposed to avoid unwanted trips of the in-loop OCRs. Moreover, the selectivity of the substation OCRs is achieved by limiting their operating times, which is not discussed in the literature. A self-adaptive differential evolution (SADE) algorithm [29] is applied to minimize the operating times and the pickupcurrent settings of all the OCRs, while introducing variable penalties. In order to further reduce the operating times of the OCRs, a peer-to-peer communication is proposed, according to the GOOSE model. The proposed methodology for the parametrization of the OCRs is given and validated in Section IV.
In order to confirm the discussed measures for the improved protection operation, a case study is considered in Section V. A 20-kV network with three possible network topologies (two different loops and a radial type) that is equipped with properly placed bi-directional RSCs with GOOSE communications is discussed. The parameterization of the RSCs and substation OCRs was performed according to the proposed methodology. Furthermore, a detailed network model was built, together with a dynamic model of the discussed RSC and GOOSE communications, which is not reported in the literature. The results are given in Section VI. First, two different SADE variants and ten mutation strategies are analyzed through the best objective function value and the convergence. Next, the selectivity is tested using theoretical calculations of the operating times of the primary and backup OCRs. Furthermore, based on dynamic simulations of the faults, the fault-clearing times are given for all the RSCs and substation OCRs, which is not discussed in the literature. Moreover, a comparison is also made for a protection system with and without GOOSE-based communications. The proposed protection design has already been implemented and since January 2019 has been in permanent operation in a 20-kV network of Distribution Company (DisCo) Elektro Celje with more than 5000 customers, which represents an additional contribution of this paper. Section VII concludes the paper.
II. BACKGROUND A. RELAY NOTATION AND RELAY PAIRS
Most of the research about the timing coordination of the operation of OCRs assumes that the OCRs are located at the network's buses, which is not feasible in MV distribution networks. The OCRs are located at the substation feeders, whereas along the feeders the RSCs are mounted directly on a tower construction. Furthermore, MV distribution networks can also operate in a closed-loop, whereas between two successive OCRs there might be a considerable in-feed due to the DG. One of the most favorable protection solutions is the bi-directional OCR [18] .
An arbitrary relay notation will be used, as shown in Fig. 1 for an illustrative example. Note that an individual bidirectional relay is separately denoted for each direction, e.g., R 2 , R 6 . Furthermore, the relays located at substation R 1 and R 4 are non-directional, as well as R 7 , since no source is assumed on that side branch. Moreover, the incorporation of R 9 depends on the DG capacity, which should be checked using short-circuit calculations. In order to achieve the timing coordination of the OCRs' operation, relay pairs should be determined. An individual relay pair consists of a primary and a back-up OCR.
The following notation will be used for the r-th relay pair, i.e., (R j , R i ) r , where R j and R i , respectively, denote the primary and back-up OCRs. The relay pairs for the discussed example are given in Fig. 1 . Note that the relay pairs (R 3 , R 9 ) 3 and (R 6 , R 9 ) 6 might not be necessary, depending on the DG's capacity. Furthermore, the transformer relay R TR is not considered in the timing coordination through relay pairs, since its settings are fixed and predefined. Moreover, a definite time-current characteristic is typically used for the relay R TR , while other relays use an inverse time-current characteristic. Therefore, the timing coordination is achieved by limiting the operating times of the relays R 1 and R 4 , i.e., they should operate faster than the relay R TR .
B. TIME-CURRENT CHARACTERISTICS
Different types of time-current characteristics can be used, i.e., definite-time, inverse-time or custom-based, e.g., piecewise linear [31] . In the following, only the inverse-time characteristic will be discussed, which is given as
where t j,k and I j,k denote the operating time and the current passing through the j-th OCR for a fault at location FL k . I Pj and T Dj denote the pickup-current setting and the timedial setting, respectively. The constants A, B and C are given according to the characteristic type, which is defined by the IEC [32] or IEEE [33] standards. The notation introduced in (1) refers to a j-th OCR and a fault at location FL k . However, when considering an r-th relay pair, then the notation (·) (p,r) and (·) (b,r) will refer to the primary and back-up OCRs, respectively, while considering the fault location at a primary OCR ( Fig. 2a ).
C. PICKUP-CURRENT LIMITS
In order to ensure the reliable operation of an OCR, the pickup current should be greater than the maximum-possible load current and lower than the minimum short-circuit current with a reasonable security margin. Furthermore, the measurement error of the used current transformers (CTs) should also be considered. Thus, the pickup-current limits of the j-th OCR can be determined as
where I j,SC min is the minimum short-circuit current, i.e., for a Phase-to-Phase (Ph-Ph) fault located at a remote end of the discussed line. I j,L max is the maximum value of the transient load current. Furthermore, e CT% denotes the % measurement error of the used CTs, whereas K SC > 1 and K L > 1 are security factors [34] .
D. TIMING COORDINATION
Selectivity is achieved by timing coordination, where the OCR intended to operate (primary) operates faster than the other OCRs (back-up), as shown in Fig. 2 . Selectivity is ensured when t r > CTI r , where t r = (t (b,r) − t (p,r) ). CTI r is a coordination time interval that is determined according to the specified time delays of both OCRs and the operating times of the switch gears. The pickup-current settings and the time-dial settings of all the OCRs can be determined in different ways [4] - [17] . The classic approach is formulated as a minimization of an objective function that is given as a sum of the operating times of all the primary and back-up OCRs, i.e.,
where N RP is the number of all the relay pairs. The operating times t (p,r) and t (b,r) should be calculated using (1), where currents that correspond to the fault location given by the primary OCRs should be used ( Fig. 2a ). Note that shortcircuit currents passing through the primary and back-up relays have the same magnitude only for the fundamental relay pair, which is in Fig. 2b denoted by I SC . However, in the case of a side branch between both relays, e.g., R 5 and R 4 in Fig. 1 , the magnitude of the currents passing through both relays will not be equal. The penalties p are generally applied when t r ≤ CTI r , or when violating the limits of the pickupcurrent or time-dial settings. Moreover, penalties should also be applied when the operating times of substation OCRs, such as R 1 and R 4 in Fig. 1 , exceed a permissible value given by the operating time of the relay R TR .
E. COMMUNICATIONS
The operating times of the OCRs can be considerably reduced using the communications between the OCRs. Generally, two different communication schemes can be used, i.e., release or block [35] . They are shown in Fig. 3 for a line supplied from both ends. When using the release scheme ( Fig. 3a ) then each OCR that picks-up according to the direction criterion releases its neighboring OCR in the direction of the fault. Furthermore, when using the block scheme ( Fig. 3b ), then each OCR that picks-up according to the direction criterion blocks its neighboring OCR in the opposite direction of the fault. However, in cases of communication failure or delay in communications the operation of the OCRs should meet the performance requirements on reliability, sensitivity and selectivity.
III. MEASURES TO IMPROVE AN OCR'S OPERATION IN MV CLOSED-LOOP DISTRIBUTION NETWORKS A. INCREASING SENSITIVITY
The pickup-current setting I Pj can be chosen within the limits given by (2) . A high setting of I Pj will inherently reduce the sensitivity. Consequently, high-resistance faults might not be ''seen'' by the j-th OCR, or its operating time might be delayed due to the inverse time-current characteristic. It is, therefore, preferable to set I Pj as low as possible; moreover, a low setting of I Pj will also reduce the operating time. However, low settings of I Pj must not affect the selectivity. This can be achieved through a simultaneous minimization of the OCRs' operating times and pickup-current settings. Thus, a normalized objective function is proposed as
where α and β are the weights (α + β ≤ 1), whereas N RP and N R denote the number of relay pairs and the number of OCRs, respectively. The first term in (4) represents the mean value of the operating times of all the primary and backup OCRs normalized to the expected value t EV . The second term represents the mean value of the pickup-current settings, which are normalized using a min-max approach.
B. ENHANCING SELECTIVITY
Selectivity is achieved by the timing coordination of the OCR's operation, as described in Section II-D, i.e., by fulfilling the condition t r > CTI r for the r-th relay pair. In order to enhance the selectivity of the OCRs in MV distribution networks, the following topics should be addressed.
1) INVERSE TIME-CURRENT CHARACTERISTIC TYPE
The timing coordination of the OCRs in MV distribution networks faces two competing factors. One factor is the large number of relays along the feeder, loop or a side branch. Another is the maximum permissible operating times of substation OCRs, like R 1 and R 4 in Fig. 1 . In order to enhance the selectivity, an extremely inverse characteristic is proposed.
2) AVOIDING UNWANTED TRIPS OF IN-LOOP OCRS
Generally, unwanted trips occur due to the changes in topology, location or level of the fault. Such situations are possible for in-loop OCRs, i.e., when the current flowing through a designated relay pair is increased due to the faster operation of the remote OCR in the direction of a fault. Let us consider a fault in a section between R 2 and R 5 (Fig. 1 ). When R 5 and R 9 operate first, then the current flowing through R 2 and R 1 will increase, which will result in a decreased t between R 2 and R 1 . Consequently, R 1 might operate faster than R 2 . In order to avoid such unwanted trips the shortcircuit calculations should be performed for two different states, defined by the operation of the in-loop OCRs. The first state is given by the normal loop topology. The second state considers the changed topology, i.e., the loop is opened at the location of a remote OCR in the direction of a fault. The largest value between the so-obtained currents is then used for the timing coordination of the designated relay pair, i.e., (R 2 , R 1 ) 1 in the discussed case ( Fig. 1 ). This simple procedure increases the selectivity and reliability.
3) SUBSTATION OCRs
The selectivity of the substation OCRs (R 1 and R 4 in Fig. 1 ) is achieved through a timing coordination with the transformer relay R TR . Typically, an OCR with a definite time characteristic is used for the relay R TR , where the pickup current is set for a fault at the beginning of the feeder. Consequently, the selectivity of the j-th substation OCR is achieved by limiting its operating time for a fault at the beginning of the feeder, which is denoted as t * j,k . The typical limit for MV networks is given as t * j,k < 300 ms.
C. OPTIMIZATION 1) SELF-ADAPTIVE DIFFERENTIAL EVOLUTION
A stochastic search algorithm called differential evolution (DE), capable of solving nonlinear and bounded optimization problems, has been applied as an optimization tool [30] . It has been chosen because of its simplicity and proven suitability for solving real-life engineering problems. DE incorporates a scheme that generates trial parameter vectors, which involves three operations: mutation, crossover, and selection. There are several mutation strategies; however, the best strategy for solving a particular optimization problem depends on the problem itself. The control parameters of the DE algorithm are the population size NP, the step size F and the crossoverprobability constant CR. The suggested choices of [30] are F ∈ [0.5, 1], CR ∈ [0.8, 1], and NP = 10D. Here, D denotes a dimension of a parameter vector. In the given case D = 2 N R , since the j-th OCR has two setting parameters, i.e., I Pj and T Dj . Furthermore, choosing suitable values for F and CR is a problem-dependent task. Therefore, self-adaptive differential evolution (SADE) has been used, where F and CR are adapted as proposed in [29] . Note that when using a classic DE, then approximately one million iterations were needed for the case study discussed in this paper, whereas when using SADE the number of iterations was considerably reduced.
2) VARIABLE PENALTIES
A very important part of the performed optimization is the penalties p in the objective function (4) . Note that when using fixed penalties the optimization process was not converging for the case study discussed in this paper. Therefore, the penalties were introduced in such a way that they force the optimization procedure towards the region with viable solutions of the optimization problem. This means that the penalties are dependent on the difference between the actual values of the individual parameters, and their minimumor maximum-allowed values, thus ensuring the convergence of the optimization procedure. The penalties are calculated for t r ≤ CTI r (typical CTI value is within the range 100 to 300 ms), t * j,k ≥ 300 ms, T Dj < T Dj min , I Pj < I Pj min and I Pj > I Pj max . For all the aforementioned parameters ( t r , t * j,k , T Dj , I Pj ), the values for which V are bounded with the minimum V min and the maximum V max allowed values, the variable penalties p V are introduced according to the pseudo code:
where K 1 = 10 and K 2 = 4 are the constants, the values of which were determined based on experiences. The values of all the penalties p V determined in this way for all relay pairs are summed up and added as a penalty p in (4). The described procedure forces (4) to fulfill all the optimization bounds before the actual operating times and pickup-current settings are minimized. The authors are not aware of a publication where the proposed approach is applied to the operating-time minimization of OCRs that provides the required selectivity and sensitivity in a MV closed-loop distribution network.
D. PEER-TO-PEER COMMUNICATIONS
The IEC standard 61850 [22] enables peer-to-peer communications between different devices. Protection applications require high-speed peer-to-peer-communications that should guarantee the total transfer time below the order of a quarter of a cycle. GOOSE messages have the shortest maximumallowed transfer time among all the IEC 61850 messages, corresponding to the required 3 ms. They can be sent over TCP/IP or substation local area networks using high-speed switched Ethernet. Furthermore, the exchange of GOOSE messages between devices is based on a publisher-subscriber mechanism. This allows, e.g., the OCR to deliver the information simultaneously to a predefined group of destination OCRs.
In the given case the pick-up GOOSE messages will be sent between the RSCs and the substation OCRs. However, an instantaneous trip will be enabled only when the OCR receives the message and when the condition given by a logical equation is fulfilled. Thus, e.g., the instantaneous trip of R 3 and R 4 shown in Fig. 1 should be enabled only when they receive a pick-up message from each other, and when they do not receive a pick-up message from R 7 . In this way the faults on the line between R 3 and R 4 can be cleared faster, whereas for the faults on the side branch only R 7 will operate according to the set time-current characteristic.
IV. METHODOLOGY FOR THE PARAMETERIZATION OF OCRS
This section summarizes the proposed measures for improving the OCRs' operation in MV distribution networks. Thus, a methodology for the parameterization of OCRs is given by the following steps:
Step 1:Relay points are determined that require bi-directional OCRs. In cases where larger DGs are connected, the short-circuit calculations are needed to check their impact on the current directions (R 9 in Fig. 1 ).
Step 2:Short-circuit calculations are performed for Ph-Ph faults at all the relay points, as well as at the ends of all the lines. For all the in-loop relays, short-circuit calculations should be performed for two different states (Section III-B2).
Step 3:Pickup-current limits are determined for all the OCRs (Section II-C).
Step 4:Pickup-current settings and time-dial settings are determined through the minimization of the proposed objective function using the SADE algorithm and the mutation strategy ''rand/1/bin'' (Sections III-A and III-C).
Step 5:Communications are applied according to the GOOSE model, where a release communication scheme is adopted for all the in-loop OCRs (Sections II-E and III-D). The proposed timing coordination is validated for a threebus system through a comparison with the MINLP using a standard branch-and-bound (SBB) and a seeker algorithm [5] , and through the comparison with the QCQP-based algorithm [6] . To make a clear comparison the same assumptions and limits were used as in [5] , [6] , i.e., I Pj and T Dj were limited to the minimum values of 1.5 A (secondary) and 100 ms, respectively, whereas the IEC standard inverse characteristic was used. Furthermore, one-directional OCRs were used, and thus the relay pairs were defined as in Fig. 4 . Note that timing coordination with the protection relays of the generators G 1 , G 2 and G 3 was not considered. Moreover, CTI r = 0.2 s was used when comparing the results with [5] , whereas CTI r = 0.3 s was used when comparing the results with [6] . The objective function (4) was minimized, where Table 1 together with the value of T . Note that these settings cannot be applied. Therefore, the value of T is also given for the settings rounded to 10 mA (secondary) and 10 ms. The proposed timing coordination gives a better value of T and T when compared to the SBB and seeker algorithms, whereas the difference with the result obtained using the QCQP-based algorithm is negligible. Furthermore, a comparison with a recent paper [17] was also made, where only the value for t (p,r) is given, i.e., 1.526 s. The result obtained using the proposed timing coordination was 1.513 s.
V. CASE STUDY
A 20-kV network of DisCo Elektro Celje is discussed. Three feeders, connected to a 110/20-kV transformer substation, supply altogether 109 MV/LV distribution transformers with over 5000 customers, along with 30 DG units. The entire 20-kV network contains 296 nodes and 297 branches, forming two loops that can be remotely opened or closed by ring main units (RMUs). Furthermore, compact RSCs [36] are used at 13 relay points that were determined by the DisCo, whereas ordinary OCRs are adopted at the substation. Moreover, all the OCRs enable GOOSE communications.
A. DISCUSSED NETWORK TOPOLOGIES Fig. 5 shows three network topologies, i.e., Loop 1, Loop 2 and Radial, that will be further discussed. The entire 20-kV network is shown in Fig. 6 . Only a small hydro-power plant with a synchronous generator (SG) is shown, whereas other DGs are micro solar power plants and are not considered because of their negligible contribution to the fault currents. Relay pairs, fault locations, as well as communication pairs are given in this section for all three network topologies.
1) RELAY PAIRS AND UNWANTED TRIPS
Protection is applied at 16 relay locations, as shown in Fig. 6 . The relays are numbered R 1 to R 21 , whereas the fault locations are denoted as FL 1 to FL 29 . All the in-loop OCRs, except the substation relays R 1 , R 6 and R 8 , are bi-directional. Furthermore, R 12 and R 10 are non-directional, since a small SG does not change the fault current directions. Relay pairs are given in Table 2 . Moreover, relay locations at which a loop should be opened to avoid unwanted trips are given in Table 3 , as proposed in Section III-B2.
2) FAULT LOCATIONS
In order to perform the timing coordination of the OCRs, the fault locations were determined according to the rule given in Section II-D. They are given in Table 2 , together with the relay pairs. Furthermore, in order to determine the maximum pickup-current limits, the fault locations were determined according to the rule given in Section II-C. They are given in Table 4 , where FL x,y denotes two possible fault locations, i.e., FL x and FL y . In such cases only a fault location that results in a smaller current measured by the corresponding OCR is considered. However, the considered current value should be larger than the maximum load current. Table 5 shows the subscriptions of all the OCRs to the GOOSE messages sent by the other OCRs. The logical equations that should be fulfilled for starting an instantaneous trip that is based on received pick-up GOOSE messages x i and the local pick-up y j are also given. Pick-up GOOSE messages are sent between the neighboring in-loop OCRs, while the OCRs on the side branches are also included to achieve selectivity, e.g., R 1 is subscribed to the messages sent by R 20 and R 9 . For the discussed case the instantaneous trip of R 1 is possible when receiving a pick-up message from R 20 and not receiving it from R 9 , which is denoted in Table 5 as y 1 ·x 20 ·x 9 . Furthermore, the operating time of R 10 can also be decreased, i.e., when not receiving the pick-up message from one of R 11 , R 12 , R 13 , R 14 . The operating time of R 14 can be decreased in a similar way, i.e., when not receiving the pickup message from R 15 . Note that in cases of communication failure or delay in communications the OCRs should operate according to the set time-current characteristic.
3) GOOSE-BASED COMMUNICATIONS

B. MODELING
The model of the discussed 20-kV network and the model of a bi-directional RSC were both built for MATLAB/Simulink/Simscape Power Systems. It should be pointed out that they were verified through extensive laboratory and field testing.
1) NETWORK MODEL
A 110-kV source was modeled as a constant impedance with a maximum short-circuit capacity of 6.679 kA. Furthermore, the discussed 20-kV network incorporates π models of underground cables and overhead lines, as well as generic models of transformers and a SG. According to the measured load and generating profiles for a period of 15 months a maximum load was determined for all the MV/LV transformer locations. Thus, a constant power-load model was incorporated on the LV side of each corresponding transformer. The developed 20-kV network model can be used for static short-circuit calculations as well as for dynamic simulations of the relay operation. The step size for the dynamic simulations was set to 0.0625 ms, whereas a step size of 2.5 ms was used for the calculation of the phasors.
Field testing was performed to verify the discussed MV network model. A Ph-Ph fault was generated in a controlled way, where special care was taken not to disconnect any customers. The fault was located near R 19 , i.e., at the beginning of a line that can be used to connect the discussed network to a network of the neighboring DisCo, as shown in Fig. 7a . During normal operation this line is only connected from side A; however, it can be connected from both sides in cases of a total power loss in one of the DisCos. Note that an OCR is located on both sides of the line, i.e., R A and R B . During the test, the discussed line was connected only from side A. No special equipment was needed to perform the test, except a cable used for the Ph-Ph connection, as shown in Fig. 7b . Only the Loop-1 topology was tested, while the following procedure was followed: Step 1:All the in-loop relays were set only to pick-up without operation, whereas the relay R A was set to pick-up and operate with no delay.
Step 2:Switch gear Q 1 was closed first, then the closed poles were visually inspected.
Step 3:Switch gear Q 0 was closed next to generate a Ph-Ph fault.
Step 4:Relay R A operated, and Q 0 was opened after approximately 60 ms. Note that none of the customers were disconnected. All the relays in the Loop 1 picked-up without operation and recorded the time responses of the line currents. Note that the directional criterion was not activated during the test. Furthermore, the distance between the test location and R 19 is 0.6 km. Since the length of the section between R 19 and R 2 is 10.9 km, the fault location FL 4 was assumed when comparing the field testing and simulation results. The comparison of the measured and simulated rms values of the currents is shown in Fig. 8 , where the simulated values agree with the measured ones within a range of ±3%.
2) BI-DIRECTIONAL RSC MODEL
A generic model of a switch gear was used with a specified time delay of 50 ms. Furthermore, a dynamic model of a bi-directional overcurrent function was built according to the specifications given by the manufacturer [36] . It is composed of the following units. The model of the input unit incorporates filtering and sampling. The line currents and voltages are filtered by low-pass, second-order Butterworth filters with a cut-off frequency of 1.6 kHz, while the sampling frequency is 3.2 kHz. Next, a discrete Fourier filtering is applied using a full-cycle data-window. The resulting phasors are refreshed every 2.5 ms. The model of the main unit describes the overcurrent function with IEC inverse-time pickup characteristics and additional definite-time reset characteristics. Furthermore, a bi-directional functionality was modeled with a standard directional criterion, which is based on the angle between the current phasor and the line-voltage phasor. The model of the logic unit provides the pickup and trip signals. Moreover, a GOOSE model was used [23] , where a transfer time of 5 ms was considered. Note, that the same dynamic model was used for all the discussed relay locations.
The developed model of a bi-directional overcurrent protection was verified with extensive laboratory testing using the set-up shown in Fig. 9 . The test currents were varied within the range 1.2 to 5 times the pickup-current setting. The IEC extremely-inverse characteristic was tested, where I Pj = 500 A and T Dj = 10 ms. Time delays were determined for the model and for an actual protection unit as the difference between the measured operating times and the operating times obtained by (1) . The time delays were shorter at higher currents for the protection model, as well as for an actual protection unit. The average value of the time delay was approximately 25 ms. However, the obtained time delay of the tested model and the actual unit were different within the acceptable range of ±5 ms. Moreover, the directional function was also tested for the proposed protection model and an actual protection unit.
VI. RESULTS
A. BEST OBJECTIVE FUNCTION VALUE AND CONVERGENCE
SADE was extensively tested for the case with the radial network topology. Self-adaptation was applied in two different ways, i.e., for the entire population, as well as for each population member. This is denoted as SADE1 and SADE2, respectively. Furthermore, ten different mutation strategies were considered. Table 6 shows the minimum, mean and standard deviations of the best values of the objective function q for 50 independent runs, where α = 0.3, β = 0.7 and t EV = 0.3 s. The convergence was also tested for the mutation strategies ''rand/1/bin'' and ''rand/1/exp''. Fig. 10 shows that for approximately the first 135 iterations the obtained values were penalized, whereas the minimum value was reached before 2500 iterations. The typical computation time for a single run of our implementation in Matlab on a 3-GHz Intel Core i5-7400 with 8 GB of RAM was less than 2 min. Furthermore, the results were also qualitatively the same for other network topologies, as well as when testing the objective function T . Based on the obtained results given in Table 6 and Fig. 10 , the SADE1 variant and the ''rand/1/bin'' strategy were found to be the most suitable for the discussed optimization problem.
B. PICKUP-CURRENT LIMITS AND OCR SETTINGS
The obtained maximum-load currents I j,L max and the minimum short-circuit currents I j,SC min are shown in Fig. 11 . Note   TABLE 6 . Minimum, mean and standard deviation (Std. Dev.) of best q values for 50 independent runs -radial network topology. that equal values of I j,L max were used for all three network topologies. The values I j,SC min were determined according to the fault locations given in Table 4 and show considerable impacts of the network topology. Pickup-current limits were determined using (2) , where e CT% = 10% and K SC = K L = 1.1 were considered. Furthermore, at several relays the value of I j,L max is very small. In such cases I Pj min was set to the estimated value of 50 A, which corresponds to a possible increase in demand over time.
The CTIs for the relay pairs between individual RSCs were 100 ms, while the CTIs for the relay pairs with substation relays R 1 , R 6 and R 8 were 150 ms. Furthermore, the minimum time-dial setting was T Dj min = 10 ms. Minimization of the objective function (4), where α = 0.3, β = 0.7, t EV = 0.3 s, was performed using SADE1 and ''rand/1/bin''. The results are given in Table 7 , where the obtained time-dial settings were rounded to 10 ms, whereas the obtained pickupcurrent settings were rounded to 1 A.
C. SELECTIVITY TESTING AND OPERATING TIMES 1) THEORETICAL CALCULATIONS
The operating times of the primary and back-up OCRs, i.e., t (p,r) and t (b,r) , were calculated using (1) for the fault locations given in Table 2 , while using the optimum settings. The results are shown in Figs. 12-14 , together with the t r values. Note that the results denoted as (·) * are given for relay pairs with substation OCRs (R 1 , R 6 and R 8 ). Selectivity is achieved for all the relay pairs since t r > CTI r . Moreover, selectivity is also assured for the substation OCRs, since t * j,k < 300 ms, as is shown in Table 8 . 
2) DYNAMIC SIMULATIONS
The models proposed in Section V-B were used, while using the optimum settings given in Table 7 . The Ph-Ph faults were simulated for all possible fault locations. The simulations were performed for the RSCs with and without the GOOSE communications. The resulting clearing times are given in Table 9 , which include the operation of the RSCs (relay and switch gear), as well as the 5-ms transfer time in the case of the communications. The RSCs without communications operated in a selective way according to the expected time delays. Furthermore, faults located close to the substation cannot be picked-up with in-loop RSCs, e.g., for the Loop-1 topology the R 20 does not pick-up for a fault at FL 1 . Consequently, the R 1 operated first, which increased the current through the R 20 that was then picked-up. The same situation was observed for the fault at FL 10 and the operation of R 5 and R 6 . Obviously, communications could not be activated for the discussed fault locations FL 1 and FL 10 , which was confirmed with the obtained results. A similar result was also noticed for the Loop-2 topology for the fault locations FL 10 and FL 13 . Based on the obtained results it can be concluded that the operating times of the communicationassisted RSCs were significantly reduced.
D. IMPLEMENTATION
The proposed protection design is already implemented in a 20-kV network of DisCo Elektro Celje using compact RSCs. Even though the GOOSE communications are not yet established, the field results are promising. During two recent Ph-Ph faults in the section between R 3 and R 18 (Loop 1) and one Ph-Ph fault in the end branch near R 15 the protection operated in a reliable and selective way. Fig. 15 shows photographs of the discussed Ph-Ph faults that were all on overhead lines due to falling trees. Note that before modernization, the discussed network operated in a radial arrangement of feeders, using only the substation relays R 1 , R 6 and R 8 . Consequently, these Ph-Ph faults would have resulted in an outage of 2124 customers. However, according to the data obtained from DisCo Elektro Celje, only 49 customers were out of power during faults in the section between R 3 and R 18 , while for a fault in the end branch near R 15 only 26 customers were disconnected. It should be emphasized, that the resulting operation of the RSCs is due to the closed-loop operation and an appropriate protection design.
VII. CONCLUSION
This paper proposes measures that improve the operation of OCRs in MV closed-loop distribution networks. The selectivity of the substation OCRs is achieved by considering the required maximum operating time (300 ms), while the unwanted trips of the in-loop OCRs are avoided by a simple procedure for short-circuit calculations. The proposed timing coordination of the OCRs' operation minimizes the operating times and increases the sensitivity of all the relays, i.e., RSCs and substation OCRs. Preliminary results showed that, when using the classic DE in combination with fixed penalties, the optimization process was not converging for the discussed case study. Therefore, variable penalties were introduced that force the optimization procedure towards the region with the viable solutions of the optimization problem. Furthermore, SADE was used, which showed considerably better convergence than the classic DE. Two variants of SADE were extensively tested together with ten mutation strategies. Based on the obtained results the strategy ''rand/1/bin'' was chosen together with a SADE variant that is based on the selfadaptation of the control parameters for the entire population. The resulting operating times of the OCRs are comparable with the operating times determined using methods known in the literature. Moreover, adopting the GOOSE communications reduces the operating times, which was fully confirmed through the dynamic simulations of the Ph-Ph faults in the discussed 20-kV network. The discussed protection design with compact RSCs is already implemented and operates permanently in a 20-kV network of DisCo Elektro Celje that supplies more than 5000 customers. Field results are promising; even though the GOOSE communications are not yet established, the RSCs have selectively operated during recent Ph-Ph faults. Thus, we can expect that the SAIDI and SAIFI will be improved in the future. There are natural extensions for the work presented in this paper, especially the adaptation of the proposed measures for the improved operation of ground fault-protection relays in MV closedloop distribution networks.
